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^recoded  ignition.  Effects  of  laser  flu  .  level,  incident  laser  angle 
and  absorption  coefficient  of  the  liquid  on  the  formation  of  bubbles, 
the  size  of  bubbles,  the  frequency  of  bubble  formation  and  the  vaporization 
process  are  studied.  A  feasibility  study  of  the  use  of  two-wavelength 
holographic  interferometry  to  measure  vapor  concentration  and  its  temperature 
during  the  ignition  period  has  been  undertaken.  The  design  of  a  system 
to  measure  infrared  absorption  coefficients  of  liquid  vapor  at  elevated 
temperatures  was  completed. 
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1.  OI>  j  vc  l  i  v  os  and  Work  SLatemonL 

f 

Laser  technology  has  been  rapidly  advancing  in  the  last  two  decades.  Power 
outputs  ol'  modern  lasers  have  increased  significantly  and  these  lasers  can 
now  be  used  as  tactical  weapons.  A  high  power  laser  weapon  can  ignite 
aircraft  fuel  after  fuel  tank  penetration  and  can  thus  cause  a  fire  or 
explosion  on  the  aircraft.  To  increase  aircraft  survivability  against  such 
weapons,  one  of  the  most  effective  safeguards  is  the  prevention  of  ignition. 
However,  the  ignition  of  flammable  liquids  by  laser  radiation  has  been  little 
studied  and  is  poorly  understood.  The  objective  of  this  study  is  to  obtain 
a  fundamental  understanding  of  the  mechanism  of  ignition  of  flammable  liquids 
by  a  high  power  laser. 

In  the  previous  study  by  one  of  the  autiiors,  two  important  phenomena  were 
observed:  (1)  the  appearance  of  first  flaming  in  the  gas  phase  and  (2)  complex 
liquid  behavior,  such  as  bubbling,  near  the  surface  during  the  ignition  delay 
period.  These  indicate  that  ignition  is  caused  by  absorption  of  the  incident 
laser  energy  by  fuel  vapor  in  the  gas  phase  and  that  the  build-up  of  the  fuel 
vapor  may  be  controlled  by  the  complex  liquid  behavior.  To  understand  these 
mechanisms  more  clearly  and  quantify  them  for  use  in  future  theoretical  models, 
the  following  three  topics  are  being  examined  in  the  current  three  year  study 
period:  (1)  detailed  observation  of  the  behavior  of  the  liquid  fuel  near  the 
surface,  (2)  measurement  of  absorption  coefficients  of  fuel  vapors  at  elevated 
temperatures  and  (3)  measurement  of  distributions  of  fuel  vapor  concentration 
of  and  temperature  in  the  gas  phase  during  the  ignition  period. 

This  report  summarizes  the  progress  and  output  from  each  of  the  above  topics 
during  the  first  year  of  the  planned  three  year  period. 

2.  Status  of  the  Research  Effort 

The  current  status  of  each  of  the  above  topics  is  described  here: 

(1)  Observation  of  liquid  behavior  near  the  surface. 


The  first  phase  of  this  work  is  complete;  it  is  reported  on  in  the  Appendix. 
The  time  sequence  of  the  behavior  of  the  liquid  fuel  and  of  the  fuel  vapor 
near  the  liquid  surface  was  observed  by  high  speed  photography.  Two  high 
speed  cameras  were  used  simultaneously  in  each  experiment.  One  of  them 
photographed  the  liquid  surface  behavior  from  the  top.  The  second  camera 
photographed  either  the  behavior  of  fuel  vapors  in  the  gas  phase  made 
visible  by  a  schlieren  system  or  the  behavior  of  the  liquid  beneath  the 
surface  by  direct  photography.  A  CW  CO2  laser  with  fluxes  up  to  2500  W/cm 
was  used  with  beam  incident  angles  of  30  and  90  degrees  with  respect  to  the 
liquid  surface.  Both  n-dccane  and  1-decene  were  used  as  the  liquid  fuel. 
The  pictures  reveal,  in  time  sequence,  the  formation  of  a  radial  wave,  a 
central  surface  depression,  bubble  nucleation/growth/bursting  followed  by 
complex  surface  motion  and  further  bubbling.  Effects  of  laser  flux  level. 
Incident  laser  angle  and  absorption  coefficient  of  the  liquid  (16  cm-1 
and  50  cm  J)  on  the  formation  of  bubbles,  the  size  of  the  bubbles,  the 
frequency  of  bubble  formation  and  the  vaporization  process  were  studied. 

A  simple  order  of  magnitude  analysis  is  applied  to  ascertain  the  dominant 
processes  that  under ly  these  phenomena.  Results  are  discussed  in  detail 
in  the  Appendix. 
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(2)  Measurement  of  infrared  absorption  coefficients  of  fuel  vapors  at 
elevated  temperatures. 

The  design  of  the  experimental  set  up  is  completed  and  its  schematic 
illustration  is  included  in  this  report.  A  small  black-body  will  be 
used  as  a  radiation  source;  its  temperature  can  be  well  controlled  up 
to  1300  K.  The  heated  sample  cell  is  3  cm  in  inside  diameter  and  15  cm 
long  with  two  BaF  windows  on  the  ends.  Its  temperature  is  well  controlled 
up  to  1000  K.  The  cell  with  the  heater  is  currently  under  construction 
and  its  completion  is  expected  within  the  next  few  months.  The  infrared 
monochrometer,  a  stepping  motor  assembly  for  driving  the  grating  and  a 
desk  top  computer  for  overall  control  are  currently  available.  The 
programing  and  the  interfacing  between  the  computer  and  the  monochrometer 
will  start  shortly.  The  system  will  measure  absorption  coefficients  of 
fuel  vapors  from  2.0  to  11  pm.  The  total  path  length  from  the  exit  of 
the  black  body  to  the  entrance  of  the  monochrometer  is  about  180  cm.  To 
avoid  the  effect  of  absorption  by  water  vapor  in  the  room  air,  most  of 
the  optical  path  will  be  enclosed  and  purged  by  dry  nitrogen. 

(3)  Measurement  of  distribution  of  fuel  vapor  concentration  and  temperature 
during  the  ignition  period. 

We  have  undertaken  a  feasibility  study  of  the  use  of  holographic  interferometry. 
Since  refractive  index  is  a  function  of  species  concentration  and  temperature, 
two  different  wavelengths  need  to  be  used  to  obtain  both  quantities.  As  a 
first  step,  a  single  wavelength  holographic  interferometry  system  using  a 
He-Ne  laser  has  been  set  up  to  assess  the  technique  and  the  preliminary 
results  are  described  in  the  Appendix.  At  present,  the  second  wavelength 
from  an  Ar-ion  laser  (488  nm)  is  being  added  to  the  system  and  its  schematic 
illustration  is  included  in  this  report.  A  photograph  of  the  system  is 
also  included  in  this  report.  Final  adjustment  of  the  system  is  in 
progress  and  a  preliminary  study  taking  high  speed  holographic 
interferometer  movies  during  the  ignition  period  will  begin  in  the  near 
future. 
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4.  Interactions 
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the  liquid  behavior  near  the  liquid  surface  during  the  Ignition  period. 
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Sciences  meeting,  St.  Louis,  January,  1981. 
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Abstract 

!  As  an  aid  to  understanding  the  ignition 

'  mechanism  of  liquid  fuels  under  high  intensity 
radiation,  the  time  sequence  of  behavior  of  the 
liquid  fuel  and  of  the  fuel  vapor  near  the  liquid 
surface  was  observed  by  high  speed  schlieren  and 
direct  photography.  A  CW  CO2  laser  with  fluxes  up 
|  to  1000  W/cm*  was  used  with  beam  incident  angles  of 
|  30  and  90  degrees  with  respect  to  the  liquid 
surface.  Both  n-decane  and  1-decene  were  used  as 
the  liquid  fuel.  The  pictures  reveal,  in  time 
sequence,  the  formation  of  a  radial  wave,  a  central 
surface  depression,  bubble  nucleation/growth/ 
bursting  followed  by  complex  surface  motion  and 
further  bubbling.  Effects  of  l'scr  flux  level, 
incident  laser  angle  and  absorption  coefficient  of 
the  liquid  (16  cm  1  and  50  cm  *)  on  the  formation 
of  bubbles,  the  size  of  the  bubbles,  the  frequency 
of  bubble  formation  and  the  vaporization  process 
were  studied.  A  simple  order  of  magnitude  analysis 
is  applied  to  ascertain  the  dominant  processes  that 
underly  these  phenomena. 

X, _ Introduction 

Laser  technology  has  been  rapidly  advancing  in 
the  last  two  decades.  Power  outputs  of  modern 
lasers  have  increased  significantly  and  these  lasers 
can  now  be  used  as  tactical  weapons.  A  high  p  ‘Wer 
laser  weapon  can  ignite  aircraft  fuel  after  fuel 
tank  penetration  and  can  thus  cause  a  fire  or 
explosion  on  the  aircraft.  To  increase  aircraft 
survivability  against  such  weapons,  one  of  the  most 
effective  safeguards  is  the  prevention  of  ignition. 
However,  the  ignition  of  flammable  liquids  by  laser 
radiation  has  been  little  studied  and  is  poorly 
understood,  although  the  ignition  of  solids  (1,2) 

1  and  vaporization  of  liquid  droplets  by  high  power 
j  lasers  (3,4)  has  been  studied. 

I  In  previous  studies  (5,6)  by  one  of  the 

;  authors,  the  change  in  ignition  delay  time  for  a 
i  liquid  fuel  was  measured  for  varying  CO2  laser  flux, 
j  laser  incident  angle  and  the  size  of  the  liquid  con¬ 
tainer.  This  work,  clearly  showed  the  ultimate 
development  of  thermal  runaway  (ignition)  in  the 
gas  phase  as  a  consequence  of  laser  energy  absorp¬ 
tion  by  the  fuel  vapors  there.  However,  further 
understanding  of  the  behavior  of  the  vaporizing 
liquid  and  its  coupling  to  the  build-up  of  vapor  in 
the  gas  phase  during  the  ignition  period  is  needed 
as  a  prelude  to  developing  a  theoretical  model  that 
could  aid  in  avoiding  ignition. 

The  objective  of  the  present  study  is  to  obtain 
an  increased  understanding  of  the  mechanism  of 
ignition  by  observing  with  various  photographic 
techniques  the  sequence  of  events  at  the  liquid 
surface  and  in  the  gas  phase  near  the  surface  during 
the  ignition  delay  period.  This  paper  reports 
various  photographic  observations  on  n-decane  and 
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n-decene  during  laser  irradiation  and  describes  the 
formation,  growth  and  collapse  of  bubbles  in  the 
liquid  and  the  growth  of  a  vapor  plume  in  the  gas. 
The  primary  physical  processes  in  the  overall 
behavior  are  deduced  from  these  observations  by 
simple  qualitative  and  order  of  magnitude  analyses. 

2.  Experimental  Apparatus 

A  schematic  illustration  of  the  experimental 
apparatus  is  provided  in  Figure  1.  A  Coherent 
Radiation  Model  41  C02  laser*  emits  an  approximately 
6-7  mm  diameter  beam.  Beam  power  was  varied  from 
195  to  340  watts  in  the  fundamental  mode  which  has 
j a  nearly  Gaussian  power  distribution  across  the 
beam.  The  incident  flux  distribution  at  the  sample 
| surface  position  is  measured  prior  to  an  experiment 
I  by  traversing  a  water  cooled,  horizontally-mounted 
calorimeter  with  0.25  mm  diameter  sensing  element. 
The  maximum  va  e  of  the  incident  flux  measured  in 
this  manner  is  that  reported  as  the  incident  radiant 
flux  in  this  study. 

A  rotating  mirror  is  used  as  a  shutter  to 
provide  a  step-function  onset  of  irradiance;  it 
! then  remains  open  through  the  ignition  event.  The 
onset  of  laser  irradiation,  i.e.  t=0,  was  determined 
by  the  signal  from  a  sensitive  pyroelectric  detector 
collecting  part  of  the  laser  beam  scattered  from  a 
mirror.  The  signal  change  turned  off  a  neon  lamp 
inside  the  high  speed  camera  as  an  event  mark  on 
the  film  through  electronic  switching  circuitry. 
However,  comparison  of  this  event  nark  with  the 
onset  of  events  on  corresponding  picture  frames 
indicated  and  caused  some  ambiguity  in  quantifying 
precisely  each  sequence  in  terms  of  time  from  the 
'onset  of  the  laser  irradiation.  Consequently,  timing 
| was  frequently  referenced  to  the  onset  of  a  surface 
! wave  believed  to  result  from  photon  pressure,  as 
described  below.  Further  improvements  in  procedures 
to  determine  the  start  of  the  experiment  are 
necessary  in  future  studies. 

Two  high  speed  cameras  (HYCAM)  were  used 
simultaneously  in  each  experiment.  One  of  them 
photographed  the  liquid  surface  behavior  from  the 
'top.  The  camera  was  focused  on  the  surface  and 
mounted  as  shown  in  Figure  1  so  that  the  illumina¬ 
tion  seen  by  this  camera  was  specularly  reflected 
light  from  an  approximately  10  cm  high  diffusing 
screen  illuminated  in  turn  by  a  tungsten-halogen 
lamp.  This  illumination  tech..?nue  provides  graded 
but  high  contrast  for  detecting  changes  in  surface 
inclination.  The  second  camera  photographed  either 
the  behavior  of  fuel  vapors  in  the  gas  phase  made 
visible  by  a  schlieren  system  as  shown  in  Figure  1 

*In  order  to  adequately  describe  materials  and 
experimental  procedures  it  is  occasionally 
necessary  to  identify  commercial  products  by 
manufacturer's  name  or  label.  In  no  instance  does 
such  identification  imply  endorsement  by  the 
National  Bureau  of  Standards  nor  does  it  imply  that 
the  particular  product  or  equipment  is  necessarily 
the  best  available  for  that  purpose. 


<>r  the  t)i*ti.iv  ior  oi  l  ho  liquid  htucnllt  Liu:  surface  by 
il  i roc t  photography .  In  schlieren  phot ography ,  the 
Hc-Ne  laser  beam  was  cut  horizontally  from  the 
bottom  by  a  knife  edge.  Kodak  4X  negative  film  for 
high  speed  photography  was  used  for  all  pictures 
1  in  this  study;  most  prints  were  made  at  enhanced 
| contrast. 

The  dimensions  of  the  liquid  container  are 
5.5  cm  x  7.8  era  by  5.5  era  deep.  These  dimensions 
are  large  enough  so  as  not  to  affect  the  ignition 
delay  time  (5).  Two  optical  grade  quartz  flats 
were  used  as  observation  windows  in  two  sides  of 
j  the  container.  The  container  was  filled  to  the  top 
with  the  liquid  fuel. 

Ignition  is  defined  by  the  first  light  emission 
detected  by  a  photomultiplier  (S-5  response),  the 
output  of  which  is  recorded  by  an  oscillographic 
recorder  with  maximum  resolution  of  +  1  msec.  At 
the  onset  of  flaming,  a  step-function-like  output 
of  the  photomultiplier  is  obtained.  This  provides 
an  unambiguous  measure  of  the  time  of  ignition.  In 
this  study,  n-decane  and  1-decene  were  used  as  the 
liquid  fuels  and  air  as  the  environmental  gas.  The 
two  fuels  were  chosen  to  be  as  similar  as  possible 
in  all  properties  except  absorptivity  with  respect 
to  the  CO2  laser  radiation;  1-decene  has  a  substan¬ 
tially  higher  effective  absorptivity  (approximately 
50  cm-1  vs.  16  cm-1)  in  the  liquid  and  probably 
also  in  the  vapor  as  well. 

3.  Results  and  Discussion 

Range  of  Laser  Flux 

In  the  authors'  previous  study  (5,6)  using 
decane,  the  range  of  laser  fluxes  was  up  to  4000 
W/cm2  and  ignition  delay  time  was  in  the  range  of 
0.06'“1.0  sec.  Since  the  objective  of  the  present 
study  is  detailed  observation  of  behavior  of  the 
liquid  and  of  vapor  build-up  in  the  gas  phase, 
low  laser  fluxes  in  the  range  of  350  -  950  W/cm2 
were  used  to  make  the  behavior  slow  enough  to  be 
more  easily  observed.  Also,  decene  was  added  as  a 
second  liquid  fuel  to  examine  the  effect  of  absorp¬ 
tion  coefficient  on  the  overall  behavior.  With  the 
present  conditions,  ignition  delay  times  of  decane 
are  in  the  range  of  0.35  ~1.0  sec  and  those  of 
decene,  0.040~ 0.085  sec. 

Parametric  Study  of  Phenomena 

Three  parameters,  laser  flux,  incident  laser 
angle  with  respect  to  the  liquid  surface  and 
absorption  coefficient  of  the  liquid,  were  selected 
in  this  study.  Top  view  and  side  view  pictures 
were  taken  with  various  combinations  of  these 
parameters.  Typical  examples  are  shown  in  this 
paper.  Pictures  of  decane  are  shown  in  Figure  2 
I  for  an  incident  laser  flux  of  730  W/cm2  and  in 
Figure  3a  and  3b  for  360  W/cm2.  The  dark  band  in 
the  side  view  pictures  is  due  to  the  liquid  meniscus 
at  the  window  of  the  container.  Surface  behavior 
as  seen  from  above  and  formation  of  the  vapor  cloud 
in  the  gas  phase  as  seen  from  the  side  are  shown 
for  decane  with  an  incident  laser  angle  of  30*.  In 
Figure  2,  the  top  view  pictures  and  side  view 
schlieren  pictures  are  shown  side  by  side  in  cor— 

I  related  time  sequence.  The  left  columns  of  pictures 
|  are  of  the  top  view  and  the  right  columns  are  of  the 
side  view.  For  the  low  laser  flux  case,  top  view 
pictures  are  shown  in  Fig.  3a  and  side  view 
schlieren  pictures  in  Fig.  3b.  In  Figures  3a  and 


3b,  the  correlation  between  the  top  view  pictures 
and  Lhe  side  view  schlieren  pictures  is  not  well 
established  due  to  the  lack  of  a  precise  determina¬ 
tion  of  the  time  when  the  laser  starts  to  irradiate 
'  the  decane  surface,  as  described  in  the  previous 
section  (and  differences  in  camera  framing  rates, 
as  well).  The  top  view  pictures  in  both  figures 
indicate  the  formation  of  a  faint  ring-shape  wave 
notion  moving  slowly  outward  radially.  As  time 
increases  after  the  laser  irradiation  begins,  the 
shape  of  the  ring  becomes  clearer;  the  center  part 
of  the  ring  is  concave.  With  further  increases  in 
'  time,  the  top  view  pictures  show  a  further  surface 
depression  at  the  center  of  the  ring.  This  further 
depression  is  circular  and  its  diameter  is  about 
the  same  as  that  of  the  incident  laser  beam.  At 
the  same  time,  the  pictures  at  low  flux  indicate 
j  the  development  of  small  scale  complex  wave  motions 
!  between  the  area  of  the  further  depression  and  the 
I  ring.  In  Fig.  3b,  side  view  schlieren  pictures 
show  the  formation  and  growth  of  a  laminar  plume- 
I  like  cloud  of  decane  vapor.  Decane,  with  its  high 
f molecular  weight  (142),  is  heavier  than  the  sur¬ 
rounding  air  despite  its  elevated  temperature 
(boiling  point  174*C).  The  formation  and  the 
growth  of  the  vapor  plume  is  thus  due  to  the 
momentum  implicit  in  the  jet-like,  rapid  vaporiza¬ 
tion  of  decene  instead  of  to  buoyancy.  Therefore, 
it  is  probau-e  that  the  further  central  surface 
depression  and  the  subsequent  small  wavy  motions 
are  caused  by  this  momentum  (see  below).  In 
Figure  2,  side  view  schlieren  pictures  corresponding 
to  the  appearance  of  the  further  central  depression 
do  not  show  any  laminar  plume-like  cloud.  (Note 
that  it  has  much  less  time  to  move  up  from  the 
surface.)  This  is  probably  due  to  a  low  sensitivity 
|  setting  of  the  schlieren  system  for  Figure  2.  The 
amount  of  knife  edge  cutting  could  not  be  set  the 
same  for  all  schlieren  photographs.  Further 
discussion  of  this  early  sequence  of  events  is  given 
later. 

In  Figure  2,  shortly  after  the  appearance  of 
the  further  central  surface  depression,  a  black 
circle  appears  in  the  center  of  the  ring.  A  similar 
black  circle  also  appears  much  later  in  Fig.  3a. 

I  The  corresponding  side  view  schlieren  picture  in 
Fig.  2  Indicates  a  sudden  release  of  decane  vapor 
j  into  the  gas  phase.  The  black  circle  becomes  larger 
with  time  and  the  vaporization  of  decane  becomes 
more  extensive  and  turbulent.  Side  view  direct 
close-up  picti  es  of  decane  near  the  surface,  shown 
in  Figure  4,  indicate  an  extremely  rapid  growth  of 
a  bubble  (its  diameter  is  approximately  3  mm) 
beneath  the  surface.  These  pictures  were  taken 
with  different  conditions  from  those  of  Figs.  2 
and  3;  they  are  for  decane,  a  laser  incident  angle 
of  30*  from  right  to  left  and  a  laser  flux  of  about 
2600  W/cm2.  Some  properly  lighted  sequences  of  top 
photos  clearly  show  that  even  at  much  lower  fluxes 
than  this  the  bubble  bursts  as  quickly  as  it  forms; 
therefore,  the  observed  black  circle  in  Figs.  2  and 
3  is  an  open  hole  left  by  the  bubble.  Shortly 
after  the  bubble  reaches  Its  maximum  size  it  starts 
to  shrink;  this  is  made  complicated  by  the  appear¬ 
ance  of  a  second  sma.ler  bubble  in  the  side  wall  of 
the  first  as  shown  in  Fig.  4  (a  high  flux  phenome¬ 
non;  see  below).  The  decane  surface  becomes  very 
complex  and,  except  at  low  fluxes,  a  second  bubble 
forms  before  these  complex  motions  damp  out.  Thus 
the  cycle  of  formation  and  collapse  of  a  bubble 
sandwiched  between  periods  of  no  bubble  is  repeated 
however,  the  frequency  of  bubbling  is  not  exactly 
regular.  The  top  view  pictures  in  Fig.  2  and 
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nmuotui-iiL  of  wavi's  .ipp.i rent  1  y  ri.jii-r.ittJ  by  rapid 
bubble  format  ton/col  lapse  and  the  associated  violent 
vaporization  process.  These  waves  interact  with 
the  previously  generated  waves  so  that  the  surface 
j structure  becomes  extremely  complex  as  shown  in 
I  the  last  columns  of  Figure  2.  At  the  same  time, 

I  the  side  view  schlieren  pictures  indicate  violent 
I  vaporization,  with  dccane  vapor  and  liquid  de.une 
droplets  being  thrown  in  all  directions. 

Gas  pbie  Ignition  generally  occurs  during  this 
complex  behavior  in  the  liquid  and  gas  phase.  The 
[onset  of  ignition  is  controlled  by  the  amount  of 
vapor,  the  degree  of  mixing  of  vapor  with  air  and 
the  amount  of  absorption  of  the  laser  energy  by 
I  the  vapor.  This  is  illustrated  in  Fig.  5  which 
•shows  the  location  of  the  first  appearance  of  flame 
[with  respect  to  the  irradiated  area.  In  this 
[figure,  a  side  view  of  the  decane  surface  is  seen 
’ through  the  window;  the  surface  is  the  broad 
horizontal  line  across  each  frame  (broadened  by  the 
'meniscus  at  the  window).  The  upper  part  of  each 
'frame  shows  the  gas  phase;  the  lower  part  is  liquid 
decane.  The  incident  laser  beam  comes  from  left 
. to  right  at  an  angle  of  30  degrees  with  respect 
", to  the  surface.  The  small  white  area  of  flame  tbit 
•first  appears  In  the  bottom  of  the  second  coluna 
'of  frames  is  clearly  seen  to  be  In  the  gas  phase 
; about  1  cm  above  the  surface  and  about  2  ca  to 
; the  left  of  the  Irradiated  area  (indicated  by  the 
bubble  on  the  right  side  of  the  pictures).  The 
, flame  spreads  upward  from  the  point  of  its  first 
1  appearance,  presumably  assisted  by  buoyancy,  and 
I  then  spreads  toward  the  irradiated  area  of  the 
••  decane  surface  along  the  laser  beaa. 

j  The  observed  effects  of  three  parameters, 

-I  laser  flux,  incident  laser  angle  and  the  value  of 
5  absorption  coefficient  of  the  liquid,  on  the 
; behavior  of  the  liquid  surface,  bubble  formation 
'  and  vaporization  are  summarized  in  Table  1.  All 
information  except  ignition  delay  times  was  obtained 
from  a  total  of  twenty  eight  separate  movies.  Since 
the  onset  of  the  laser  irradiation  is  not  precisely 
defined  in  these  pictures  and  also  since  some  of 
-  the  phenomena  are  not  sharply  visible  in  some 
I  movies,  values  listed  in  this  cable  may  not  be  exact 
but  they  are  sufficiently  so  for  the  objectives 
'of  this  paper. 

[ 

Laser  Flux 

Higher  laser  flux  shortens  the  tiae  to  the 
first  appearance  of  the  central  surface  depression 
associated  with  the  momentum  of  the  laminar 
vaporization  plume  and  to  the  appearance  of  the 
first  bubble.  This  is  clearly  demonstrated  by 
comparison  of  pictures  shown  in  Figs.  2  and  3.  The 
frequency  of  the  bubble  formation/collapse  cycle 
tends  to  Increase  with  increases  in  laser  flux.  It 
also  appears  qualitatively  that  the  laser  flux  does 
not  have  a  significant  effect  on  the  size  of  the 
bubbles.  The  pictures  show  that  higher  laser  flux 
causes  the  behavior  of  the  liquid  surface  to  become 
complex  earlier  and  vaporization  tends  to  become 
more  vigorous. 

Laser  Incident  Angle 

Top  and  side  view  pictures  show  that  the 
qualitative  behavior  of  the  liquid  phase  at  incident 
laser  angles  of  30  and  90  degrees  does  not  differ 
significantly  regardless  of  total  laser  power 
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Since  ignition  occurs  at  the  location  where 
the  incident  laser  beam  interacts  with  the  appro¬ 
priate  mixture  of  fuel  vapor  and  air,  the  location 
of  the  first  appearance  of  the  flame  is  expected  to 
change  with  the  incident  laser  angle.  (This  has 
not  yet  been  checked  experimentally).  This  idea  is 
supported  by  the  fact  that,  once  bubbling  starts, 
fuel  vapor  is  thrown  into  the  gas  phase  over  almost 
the  entire  hemisphere  by  the  violent  vaporization 
'process  and  not  into  a  specific  direction  dependent 
| on  the  incident  laser  angle. 


Absorption  Coefficient  of  Liquid 


The  effect  of  the  value  of  the  laser  radiation 
absorption  coefficient  of  the  liquid  on  liquid 
behavior  during  the  ignition  period  and  also  on  the 
overall  ignition  delay  was  studied  by  a  comparison 
of  high  speed  pictures  and  the  measured  ignition 


delay  time  with  decane  and  decene.  The  value  of  the 


absorption  coefficient  of  decane  with  respect  to  the 
-CO2  laser  is  16  era-1  (6)  and  that  of  decene  i3  about 
j  50  cm-1  (7),  Since  the  o.ily  difference  between  the 
two  molecules  is  one  carbon-carbon  double  bond  at 


the  end  of  the  carbon  backbone  for  decene  instead 
of  all  carbon-carbon  single  bonds  for  decane,  the 
'physical  and  chemical  characteristics  of  the  two 
liquids  are  close  to  each  other;  the  normal  boiling 
temperature  of  decane  is  174. 1°C  versus  170. 5*C  for 
decene  (8);  the  difference  in  molecular  weight  is 
two;  thermal  properties  should  be  close  to  each 
other.  Oxidation  characteristics  are  expected  to 
be  quite  similar,  judging  from  the  analogous  pair, 
'pentane  and  pentene.  Flammability  limits  for 
pentane  are  1.4  -  7.8S  fuel  in  air;  for  pentene 
they  are  1.65  -  7.17.  fuel  in  air  (9).  Therefore, 
the  difference  between  the  two  liquids  for  this 
study  is  mainly  the  difference  in  the  value  of 
absorption  coefficient.  Also,  it  is  expected  that 
a  similar  difference  in  absorption  coefficient 
applies  to  vapors  from  the  two  liquids. 


Top  view  pictures  of  decene  during  the  ignition 
period  are  shown  in  Figure  6.  The  sequence  of 
phenomena,  i.e.,  circular  wave  motion,  the  central 
depression,  bubble  formation  and  complicated  surface 
motion,  i»  virtually  the  same  as  that  of  decane 
as  seen  in  Figs.  2  and  3.  The  distinctive  dif¬ 
ference  between  pictures  with  decene  and  decane  is 
the  much  shorter  time  scale  of  events  with  decene 
compared  to  that  of  decane.  This  is  also  indicated 
quantitatively  in  Table  I  in  a  comparison  of  various 
:  times  for  the  same  experimental  conditions.  It  is 
interesting  to  note  that  the  times  to  the  appearance 
of  the  central  depression  and  to  the  appearance  of 
the  first  bubble  for  decene  are  about  a  factor  of 
'two  to  four  shorter  than  those  for  decane.  However, 
ignition  delay  times  for  decene  are  at  least  one 
order  of  magnitude  shorter  than  those  for  decane. 
This  indicates  that  the  differences  in  absorption 


'  coo!  t  ic  lent  between  the  liquids  and  the  vapors  both 
have  a  major  effect  on  ignition  delay  time. 


Other  differences  between  the  two  liquids  are 
the  size  of  the  bubbles  and  the  bubble  frequency, 
bubbles  for  dcccne  tend  to  be  smaller  than  those 
for  dccane  as  shown  in  Table  I,  although  the 
quantitative  difference  needs  further  definition. 
Also,  bubble  frequency  for  decene  tends  to  be  higher 
than  that  for  decane  under  the  same  experimental 
conditions. 

Sequence  of  Phenomena  and  Underlying  Processes 

Idealized  Sequence.  Figure  7  shows  a  series  of 
sketches,  in  cross-section,  of  what  are  believed  to 
be  the  major  steps  in  the  radiation- induced  vapori¬ 
zation  process.  The  starting  condition,  for  the 
first  bubble  only,  is  a  quiescent  liquid  at  uniform 
temperature  (room  temperature).  Recall  that  the 
incident  beam  profile  is  roughly  Gaussian  and 
therefore  is  strongly  peaked  in  the  center. 

In  the  second  sketch  of  Fig.  7,  two  changes 
are  apparent.  A  wave  is  spreading  outward  radially 
from  the  locus  of  the  beam  center  and  the  tempera¬ 
ture  for  some  depth  below  the  surface  has  increased. 
The  expected  depth  of  the  thermal  wave  will  be 
examined  more  closely  below.  It  is  probable  that 
the  radial  surface  wave  is  due  at  least  in  part  to 
photon  pressure  that  suddenly  exerts  a  sustained 
force  on  the  surface.  The  static  depth  of  a 
depression  in  the  liquid  surface  induced  by  photon 
pressure  is  calculated  by  equating  the  static  liquid 
head  to  the  rate  of  momentum  loss  of  the  photons; 
the  result  <s 

hp  -  (F/cpjg) 

where  F  is  the  photon  energy  flux,  c  is  the  speed 
of  light,  g  is  the  acceleration  due  to  gravity  and 
PL  is  the  liquid  density.  For  a  peak  radiant  flux 
of  the  order  of  1000  Watts/co2  (high  end  of  current 
tests),  the  value  of  h  is  about  5  micrometers.  As 
a  static  depression  extending  smoothly  over  the 
beam  diameter,  this  would  probably  not  be  visible, 
even  with  the  rather  high  contrast  specular  surface 
lighting  used  here.  However,  we  have  a  dynamic 
situation  here  in  which  we  view  the  surface  response 
to  the  sudden  onset  of  a  force;  this  produces  a 
wave  whose  steep  sides  contribute  to  its  visibility. 
An  additional  contribution  to  this  early  wave  may 
,  come  from  the  transient  volumetric  expansion  of  the 
liquid  as  it  heats.  Decane  expands  about  10%  in 
heating  up  100*0;  this  would  cause  a  static  surface 
height  increase  of  about  10%  of  the  radiation 
absorption  depth  over  the  heating  time  and  a  radial 
outward  displacement  over  the  same  interval  of 
'  about  10%  of  the  beam  diameter.  Tills  may  be  more 
visible  than  the  direct  photon  pressure  effect. 

The  identification  of  the  wave  with  these  early 
| effects  is  important  because,  as  was  noted,  the 
wave  onset  has  been  used  as  a  zero  time  reference 
in  several  testa. 

The  wave  speed  is  of  the  order  of  a  few  tens 
of  centimeters  per  second  but  the  exact  value 
appears  to  vary  in  a  manner  not  fully  understood  at 
present. 

In  the  third  sketch  of  Fig.  7,  the  surface  has ' 
reached  a  sufficient  temperature  for  vaporization 
to  become  appreciable.  This  vapor  flux  is  visible 
as  the  laminar  plume  in  some  of  "he  '  L_ 
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photographs  (e.g..  Fig.  3b).  This  vapor  absorbs 
some  of  the  Incoming  radiation  as  will  be  discussed 
below.  If  the  speed  of  this  plume  is  sufficient, 
the  reaction  force  against  the  surface  can  cause  a 
further  depression.  Balancing  the  static  and 
dynamic  heads  gives,  for  this  surface  depression. 


For  an  upward  vapor  plume  speed  of  75  cm/sec 
(roughly  that  obtained  from  Fig.  3b),  one  finds  hg 
is  about  150  microns.  A  central  depression  is 
frequently  visible  in  the  top  surface  photographs 
for  varying  periods  before  the  first  bubble  appears. 

In  cases  where  this  depression  (plus  that  due 
( to  photon  pressure)  persists  for  an  extended  period 
! (tens  of  milliseconds)  prior  to  bubble  formation, 
jit  appears  that  some  instability  exists  that  causes 
small  wavelenth  surface  waves  to  grow  in  amplitude 
[especially  around  the  periphery  of  the  deprcsslo... 
■This  may  be  a  result  of  some  coupling  between  wave- 
j induced  fluid  motion,  the  vapor  flux  (which  causes 
the  waves)  and  the  highly  non-uniform  radiant  flux 
profile  on  the  liquid  surface. 

In  the  fourth  sketch  of  Fig.  7,  the  upper 
surface  of  the  liquid  has  achieved  appreciable 
super-heating  because  the  preceding  vaporization 
process  from  the  top  surface  has  not  been  able  to 
remove  a  sufficient  fraction  of  the  incoming  radiant 
energy.  In  the  next  sketch,  this  superheating 
results  in  bubble  nucleatlon.  The  amount  of  super¬ 
heating  that  occurs  prior  to  nucleatlon  will  depend 
on  the  radiant  flux,  absorption  coefficient  of 
liquid,  and  on  the  purity  of  the  liquid.  In  the 
absence  of  foreign  nuclei  for  bubble  formation,  the 
higher  radiant  fluxes  used  here  should  be  capable 
of  pushing  the  liquid  very  near  the  superheat  limit 
for  the  fuel.  The  superheat  limit  is  set  by 
thermodynamic  considerations  but  its  approach  is 
typically  constrained  by  the  kinetics  of  homogeneous 
bubble  nucleatlon  and  growth  (10,11).  The  value  is 
typically  around  0.9  of  the  critical  temperature; 
for  decane  this  translates  to  285*C  (12).  Since 
the  normal  (1  atm)  boiling  point  of  decane  is  174*C, 
this  means  that  one  could,  under  the  proper  condi¬ 
tions,  exceed  the  boiling  point  by  lll'C  before 
achieving  homogeneous  nucleatlon.  Decene,  whose 
I  boiling  point  is  170. 5°C,  should  behave  quite 
similarly  since  octane  and  octene  do  so  (12). 

In  the  present  experiments,  no  special 
precautions  were  taken  to  assure  the  absence  of 
potential  nuclei  in  the  fuels  although  in  nearly  all 
tests  the  fuels  were  clean  enough  to  exhibit  prac¬ 
tically  no  scattering  of  the  He/Ne  laser  light  used 
i  in  the  schliercn  photography.  Ref.  13  gives  a 
simple  expression  relating  degrees  of  superheating 
to  the  nuclei  cavity  size. 
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Here  T*  is  the  normal  boiling  point,  o  is  the 
liquid/vapor  surface  tension,  QvaF  1*  the  vaporiza¬ 
tion  heat,  pv  the  vapor  density  in  the  bubble 
nucleus  and  rc  is  the  radius  of  the  nucleating 
cavity.  Since  in  most  cases,  the  scattering  of 
0.6328  um  radiation  was  small,  rc  could  be  at 
r..  -t  > •  r  •'  c  ’•  C.3  urn. 


I  tir.i-ri  i  ng  tills  fa  tin.-  iIhivl-  ixiu'.-iiloa  gives  an 
istiuatc  of  tin?  minimum  likely  amount  of  super¬ 
heating,  i.o.  about  1?5°C.  This  neglects  the  fact 
•■bat  tlic  top  surface  of  the  liquid  la  a  "nucleating 
surface"  throughout  any  superheating  interval.  The 
vaporization  heat  absorbed  there  will  lead  to  a 
sub-surface  peaking  of  temperature.  The  lower 
temperatures  on  both  sides  of  the  sub-surface 
nucleating  layer  lead  to  a  need  for  still  more 
superheating  to  assure  bubble  growth  (14). 

The  last  sketch  in  Fig.  7  indicates  the 
consequence  of  this  superheating:  when  nucleatlon 
finally  occurs  below  the  surface,  bubble  growth 
occurs  with  explosive  speed.  Most  (and  perhaps 
all)  of  the  top  surface  photographs  are  consistent 
with  bubble  growth  and  breakage  in  less  than  one 
millisecond.  The  dynamics  of  bubble  growth  have 
been  analyzed  in  detail  for  the  case  where  the 
bubble  is  immersed  in  an  infinite  liquid  (IS). 

The  growth  process  here  is  considerably  altered  by 
the  proximity  to  the  free  surface  but  one  conclu¬ 
sion  from  that  work  appears  qu’tc  pertinent  here: 
the  first  iew  milliseconds  of  nubble  growth  are 
heavily  influenced  by  inertial  forces.  It  will  be 
shown  below  that  the  probable  thickness  of  the 
superheated  layer  is  of  the  order  of  100  pm 
for  decane  (less  for  decene) .  The  bubble  must 
originate  in  this  thin  layer  and,  as  it  expands,  it 
stretches  the  liquid  above  it,  thinning  it  consid¬ 
erably.  Since  this  top  layer  is  both  thinning 
rapidly  and  vaporizing  rapidly  from  both  sides 
while  continuing  to  absorb  some  of  the  incoming 
| radiation,  it  is  plausible  that  It  breaks  In  less 
^han  a  millisecond.  Despite  the  fact  that  the 
bubble  breaks  quickly.  It  does  not  disappear  with 
! equal  speed  because  of  the  momentum  Imparted  to 
I che  liquid  (and  the  weaker  forces  now  countering 
'the  bubbles  presence).  The  material  that  was  above 
the  region  of  nucleatlon  Is  tossed  up  and  out, 
frequently  forming  droplets  that  may  be  tossed 
several  bubble  diameters  away  (and  out  of  the  laser 
beam  path).  Since  much  of  this  material  was  super¬ 
heated  and  its  surface  area  per  unit  volume  is 
sharply  increased,  there  is  an  "explosive"  release 
of  fuel  vapor  chat  is  turbulent  in  nature, 
spreading  more  randomly  than  the  preceding  laminar 
vapor  plume.  The  impulsive  downward  force  due  to 
bubble  expansion  and  subsequent  vapor  release 
causes  a  persisting  (up  to  tens  of  milliseconds) 
bubble-like  depression  in  the  liquid.  This 
movement  stretches,  mixes  and  largely  erases 
the  thermal  layer  previously  established  in  the 
liquid  over  a  diameter  about  equal  to  that  of  the 
bubble.  This  in  turn  largely  terminates  the 
| vaporization  process.  -Bubble  collapse  is  Induced 
, by  gravity  and  surface  tension  once  the  outward/ 

|  downward  movement  of  the  liquid  is  brought  to  a 
ihalt.  Since  the  laser  irradiation  continues 
(somewhat  diminished  by  vapor  absorption),  the 
stage  is  set  for  repetition  of  the  heat-up  and 
bubble  nucleation/grovth/collapse  sequence; 
unfortunately,  the  Initial  condition  is  now  consid¬ 
erably  more  complex. 

Repetition  of  thla  cycle  feeds  the  gas  phase 
with  slow  vaporization  punctuated  by  rapid  turbulent 
vapor  emissions.  As  this  vapor  builds  up  In  the  gas 
phase  It  is  absorbing  the  laser  radiation  end 
heating  up.  Ultimately  it  will  ignite  at  some  point 
where  the  proper  combination  of  temperature  plus 
fuel  and  oxygen  concentration  persists  for  a  time 
sufficient  to  permit  thermal  runaway.  Achievement 
|  of  this  condition  is  clearly  dependent  on  the  whole 


history  of  complex  cycle:;  like  that  just  described. 

Tlu-nn.il  Processes  In  tlie  I. lqu id .  It  is  of 
Interest  to  attempt  to  assess  what  thermal  processes 
dominate  the  heat-up  time  between  bubble  bursts. 
Consider  first  the  period  before  the  first  bubble. 
The  relative  importance  of  heat  conduction  and 
in-depth  radiation  absorption  is  indicated  by  the 
ratio  of  their  characteristic  lengths. 


V^T/d/aL)  -  aL  viqT 


Here  is  the  absorptivity  of  the  CO;,  laser 
radiation  in  the  liquid;  recall  that  it  Is  about 
16  cm*1  for  decane  and  roughly  three  times  higher 
for  decene.  The  thermal  dif f usivities.  <* 
rfecane  and  decene  are  both  about  8- 10*^  cmVsec 
(16) .  Then  the  above  ratio  becomes  0.45  t1^2  for 
decane  and  1.4  t  */2  for  decene.  In  all  but  one 
case  (Table  I),  the  time  to  the  first  bubble  was 
60  msec  or  less  for  decane  so  that  the  above  ratio 
is  typically  less  than  about  0.1;  for  decene,  first 
bubble  times  Wf  -e  10  to  50  msec  depending  on  radiant 
flux  so  the  above  ratio  ranges  from  0.14  to  0.3. 

For  the  high  flux  cases  which  are  of  primary 
interest  here  heat  conduction  is  a  minor  process 
compared  to  in-depth  absorption.  Since  the  average, 
time  between  successive  bubbles  is  generally  less 
than  the  tim^  to  the  first  bubble,  this  statement 
.  is  generally  valid  at  later  times  as  well  (each 
bubble  tends  to  reset  the  clock  to  zero).  Conduc¬ 
tion  may  be  important  in  dissipating  some  of  the 
thermal  energy  that  is  mixed  randomly  by  bubble 
growth/collapse.  One  can  show  also  that  radial 
conduction  due  to  the  non-uniform  laser  flux  is 
unimportant  in  the  high  flux  cases. 

J  Again  confining  attention  to  the  period  before 

I  the  first  bubble,  one  can  look  at  convective 
'  processes  in  the  liquid.  There  are  at  least  three 
sources  of  convective  motion.  First,  recall  the 
short  wavelength  surface  waves  that  were  mentioned 
briefly  above  as  the  possible  result  of  coupling 
with  the  non-uniform  laser  beam  profile.  These 
build  to  significant  amplitudes  only  in  low  flux, 
long  delay  time  cases  and  any  non-linear  mixing 
motions  that  result  in  such  cases  appear  to  be 
confined  to  the  outer  periphery  of  the  beam  profile. 
There  is  also  some  small  in/out  radial  convective 
motion  associated  with  the  oscillation  induced  by 
t'ne  photon-pressure  and  laminar  vapor  plume.  One 
can  estimate  t'  it  the  fundamental  frequency  of  this 
oscillation  should  be  about  30  Hertz  (6)  so  it  is 
generally  slow  and  probably  of  minimal  effect  In 
high  flux  Ignition  cases. 


There  are  two  other  sources  of  convective 
motion  prior  to  the  first  bubble-buoyant  flow  and 
surface  tension  gradient  flow  (17).  The  buoyant 
flow  is  a  result  of  the  non-onc-dlmcnslonal  heating 
of  the  top  of  the  liquid.  Here  we  follow  ref.  17 
but  note  that  in  the  present  case  inertial  forces 
are  more  significant  than  viscous  forces  in 
balancing  the  buoyancy  force.  Consider  s  radial 
flow  proceeding  upward  and  then  outward  from  thm 
center  of  the  laser  beam  Impact  point.  From  a 
steady  state  balance  of  buoyancy  and  fluid  inertia 
one  gets  the  following  (the  steady  state  balance  le 
an  upper  limit  on  che  present  dynamic  case). 
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Here  vg  Is  the  buoyantly  Induced  flow  velocity,  pL 
Is  the  liquid  density,  6^  is  the  change  of  density 
.with  temperature,  and  Tg  is  the  liquid  boiling 
I  point.  The  use  of  Rg,  the  laser  beam  radius,  as 
the  characteristic  length  in  the  upward  flow  is 
rough  so  we  can  only  estimate  vg  crudely.  Inserting 
typical  numbers  for  decanc  (about  the  same  as 
decene)  one  finds  vfl  =  8  cm/sec.  Recall  that  this 
is  a  steady  state  upper  limit  so  that,  roughly,  the 
average  transient  value  acting  on  events  over  a 
time  scale  of  (R^/vg)  =  AO  msec  is  about  half  this 
or  A  cm/sec.  Then  only  for  bubble  delay  times  of 
che  order  of  10  msec  is  this  motion  small;  for 
delays  of  the  order  of  100  msec  it  is  substantial, 
causing  a  full  replacement  of  the  liquid  beneath 
the  beam  profile. 

Consider  next  the  flow  driven  by  the  surface 
tension  gradient  that  Is  a  consequence  of  the  non- 
uniform  laser  beam  profile.  The  steady  state 
balance  is  now  between  the  surface  tension  gradient 
force  and  the  inertia  of  the  radial  outward  flow. 
Roughly,  forunit  volume  of  liquid,  undergoing 
i  this  radial  motion  we  have 
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,  Here  (3o/aT)  is  the  change  in  surface  tension  with 
temperature;  the  other  symbols  are  the  same  es 
before.  Inserting  typical  values  for  decane 
(decene  is  again  similar),  one  finds  vs  =>  3  cm/sec. 
Again  this  is  the  steady  utate  upper  limit  so, 
roughly,  half  this  value  is  that  pertinent  to  our 
transient  heat-up  process.  Since  this  flow  is  in 
the  same  direction  as  the  buoyant  flow,  this  result 
provides  a  small  reinforcement  to  the  previous 
conclusion  that  these  fluid  motions  become 
appreciable  on  a  time  scale  of  about  100  msec  and 
are  small  perturbations  on  a  10  msec  time  scale. 
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Here  is  the  effective  absorptivity  (corrected  for 
angle  of  radiation  impingement;  note  that  F  and 
have  equal  and  opposiLc  corrections  for  incident 
angle  which  therefore  cancel  out),  rj_  is  surface 
reflectivity  (generally  about  5%)  and  CL  is  the 
liquid  heat  capacity.  This  expression,  if  solved 
for  time,  docs  give  approximately  correct  values  of 
times  to  reach  the  surface  depression  caused  by 
the  start  of  significant  vaporization  (roughly,  at 
the  boiling  point).  The  temperature  distribution 
is  simply 


T(x)  «  T  +  (T  -T  )  e-aLX 
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Since  we  already  have  an  estimate  of  the  extent  of 
superheating  prior  to  the  first  bubble  (~25*C)  we 
can  use  this  distribution  to  calculate  the  depth 
of  the  laye<-  above  the  boiling  point;  this  is  the 
origin  of  the  100  micron  superheat  thickness  for 
decane  quoted  previously.  It  will  be  about  1/3 
this  value  for  decene;  this  implies  that  the  bubble  ! 
size  will  also  be  reduced  by  about  this  factor,  j 

which  is  consistent  with  Table  I.  Recall  again  j 

that  this  distribution  does  not  account  for  loss  of 
heat  from  the  top  surface  by  laminar  vaporization 
so  it  becomes  increasingly  approximate  as  such  a 
process  evolves. 

Once  the  first  bubble  grows  and  bursts,  we 
immediately  have  a  new  form  of  convective  motion 
! in  the  liquid.  As  was  noted  previously,  the 
j initial  motion  Induced  by  the  bubble  is  largely 
Chat  of  radial  expansion  but  it  quickly  becomes 
more  complex  because  of  the  surface  proximity. 

Some  of  the  schlieren  pictures  appear  to  indicate 
that  the  net  short  term  effect  of  the  bubble  is  to 
push  a  segment  of  the  upper  thermal  layer  (about 
equal  in  diameter  to  the  bubble  in  width  and  one 
to  two  diameters  deep)  down  into  the  cold  bulk 
of  the  fluid;  this  is  qualitatively  consistent 
with  other  observations  on  nucleate  boiling  (18). 

The  impact  of  this  depends  on  the  product  of  flux 
level  and  liquid  absorptivity  (see  equation  above). 

If  the  product  Is  high  (as  in  che  high  flux  decene 
case  of  Table  I),  the  result,  already  mentioned, 
is  a  second  bubble  in  the  bottom  (or  side)  of  the 
first,  despite  any  convective/conductive  cooling 
this  fluid  may  have  experienced  during  the  growth 
of  the  original  bubble.  The  further  result  is 
quite  complex  mixing  motion  in  the  liquid  that 
should  lead  to  erratic  high  frequency  bubbles. 


I  This  conclusion  is  reinforced  by  the  experi¬ 
mental  behavior  of  a  piece  of  foam  plastic  placed 
on  the  liquid  surface  about  1  cm  away  from  the 
irradiated  area  in  several  early  high  flux  tests. 
This  object  was  always  pushed  to  the  side  of  the 
container  during  a  2-3  sec.  laser  irraditlon  but 
its  rate  of  movement  was  negligible  during  the 
time  sequence  of  interest  here. 

Again,  since  the  main  concern  here  is  high 
flux  short  delay  behavior,  we  can  assume  for  now 
!  that  the  above  fluid  motions  are  not  significant. 
Then  in  the  period  before  the  first  bubble  the 
I  dominant  energy  transport  mode  is  in-depth  radiation 
'absorption  which  follows  Beer's  law.  In  this  case 


If  the  product  (e^'F)  is  low  (as  in  the  low 
flux  decane  case  of  Table  I),  the  bubble  will 
collapse  and  at  least  partially  mix  a  layer  of  the 
order  one  to  two  times  its  original  diameter.  The 
mixing,  if  total,  would  fully  reset  the  heating 
process  to  sero  and  another  bubble  would  not  follow 
until  a  time  dictated  by  the  above  radiation- 
dominated  equation  (solved  with  Tg  1  » 

residual  sub-surface  convection  due  to  bubble 
collapse  would  lengthen  the  interval.  This  behavior 
for  the  small  (a^  •  F)  case  would  imply  a  bubble 
; interval  comparable  to  the  delay  time  to  tha  first 
bubble.  This  behavior  is  only  roughly  what  one 
'sees  for  deesne  at  low  fluxes,  as  indicated  by 
Table  I.  The  shorter  interval  between  bubbles  after 
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is  countered  l>y  Increasing  absorption  of  the  laser 
radiation  passing  through  the  accumulating  vapor  in 
the  gas  phase.) 

Coupling  to  the  Cas  Phase.  These  bubble- 
induced  liquid  motions  complicate  the  determination 
of  bubble  frequency  considerably.  This  frequency 
is  of  Interest  because  it  is  probable  that  it  is 
half  the  key  to  the  rate  of  fuel  vaporization;  the 
other  half  of  the  key  is  the  amount  of  fuel 
vaporized  in  the  bubble  growth/burst/collapse 
sequence  (plus  any  vaporization  between  bubbles). 
Although  one  could  speculate  on  the  factors 
affecting  this  vaporization  rate,  it  Is  best  to 
attempt  direct  measurements  (a  future  experiment). 

For  now,  we  note  only  Chat  there  are  three 
I  idealized  limiting  cases  of  vaporization  behavior 
| that  facilitate  analysis  of  the  gas  phase  vapor 
build-up.  In  all  cases  the  vapor  is  absorbing 
some  of  the  laser  beam, further  complicating  the 
gas-liquid  coupling.  The  first  is  the  purely 
laminar  vaporization  case  in  which  a  bubble  never 
t  occurs  (or,  if  it  does,  the  bubble  size  is  small 
I  compared  to  all  other  characteristic  lengths  in  the 
problem).  The  present  ignition  processes  begin 
'  this  way  but  quickly  get  more  complex.  Such 
relatively  simple  behavior  has  been  observed  with 
'solid  fuel  ignition  by  radiation  (1,19).  This 
behavior  is  favored  by  high  condensed  phase 
viscosity  and  absorptivity.  Since  the  plume  here 
is  fairly  mono-directional  its  interaction  with  the 
laser  beam  depends  strongly  on  the  incident  angle 
of  the  beam;  such  behavior  has  been  seen  experimen¬ 
tally  (5).  One  can  anticipate  a  substantial  beam 
diameter  effect  as  well.  Fuel  vapor/air  mixing 
would  be  slow  also. 

The  second  limiting  case  is  that  of  very  low 
frequency  bubbling  as  described  above  for  ths 
liquid.  To  the  gas  this  presents  a  sequence  of 
widely-spaced  vapor  pulses  that  might  be  approxi¬ 
mated  by  delta  functions.  Transport  in  the  gas  is 
convective  and  increasingly  turbulent;  the  bursting 
bubbles  generate  a  non-directional  vapor  plume  and 
between  bursts,  the  negative  buoyancy  of  heavy  fuel 
vapors  forces  them  down,  spreading  them  out  away 
from  the  incident  beam. 

The  third  limiting  case  corresponds  to  high 
frequency,  large  bubble  bursts  as  described  above 
for  the  liquid.  To  the  gas  this  presents  a  nearly 
constant,  non-directional  turbulent  vapor  source. 

One  would  expect  a  more  or  less  hemispherical 
envelope  of  vapor  to  accumulate  over  the  region 
where  the  beam  is  incident.  Since  the  gradients 
would  be  primarily  radial,  the  interaction  with 
the  laser  beam  becomes  nearly  independent  of  its 
incident  angle;  this  trend  at  high  fluxes  is  also 
seen  experimentally  (S).  There  is  a  beam  size 
effect  if  the  beam  becomes  larger  than  the  turbulent 
vapor  diffusion  length  in  the  gas  phase.  This  Is 
because  a  large  diameter  beam  means  simultaneous 
bubbling  will  occur  over  a  large  liquid  aurfaca 
area;  there  will  be  many  bubbles  within  the  beam 
diameter.  In  the  limit  of  a  large  ratio,  the  gas 
phase  behavior  becomes  one-dimensional  and  an 
, incident  beam  angle  dependence  is  reintroduced. 

These  limiting  cases  are  more  amenable  to  at 
least  approximate  analysis.  The  general  behavior 
seen  in  the  present  experiments  tends  to  fall 
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UliM'ivi  the  Coml  i  t  i  ou:i  (hit  i’ rod  ucc  Ignition.  So 
far  the  main  emphasis  of  this  study  has  been  on 
the  observation  of  t lie  liquid  behavior  during  the 
ignition  period.  However,  more  observations  of  the 
gas  phase,  especially  quantitative  concentration  and 
temperature  measurements,  are  necessary  to  under¬ 
stand  the  ignition  mechanism  and  to  develop  theoret¬ 
ical  models.  To  get  at  these  gas  phase  properties 
we  have  undertaken  a  feasibility  study  of  the  use  of 
holographic  lr.terf erometry .  Since  refractive  index 
is  a  function  of  species  concentration  and  tempera¬ 
ture,  two  different  wavelengths  need  to  be  used  to 
obtain  both  quantities.  Similar  measurements  were 
attempted  previously;  one  with  a  two  wavelength 
holographic  interferometer  for  a  steady  state  flame 
study  (20)  and  the  other  with  a  two  wavelength 
Interferometer  for  a  time  dependent  ignition  study 
of  a  solid  (19).  In  this  study,  a  two  wavelength 
holographic  interferometer  will  be  used  since  It 
provides  phase  information  without  imposing  require¬ 
ments  of  very  high  quality  on  the  optical  components. 
As  a  first  step,  a  single  wavelength  holographic 
interferometry  system  has  been  set  up  to  assess  the 
technique.  The  system  Is  illustrated  in  Figure  8. 

An  additional  wavelength  from  an  Ar-lon  laser  will 
be  added  to  this  system  in  the  near  future.  A 
preliminary  result  from  the  system  in  Fig.  8  Is 
shown  in  Figure  9.  This  picture  was  taken  by  the 
"double  exposure  technique"  in  which  the  hologrem 
was  constructed  by  taking  two  exposures:  before 
the  CO2  laser  irradiation  as  a  base  case  and  then 
during  the  CO2  laser  irradiation.  At  present,  the 
timing  between  the  start  of  laser  irradiation  and 
the  picture  teklng  is  not  fixed  precisely  and  the 
exact  time  of  Figure  9  relative  to  the  start  of  the 
laser  irradiation  Is  not  known.  Figure  9  shows  the 
fine  details  of  the  liquid  behavior  and  the 
potential  to  obtain  quantitative  information  In  the 
gas  phase.  High  speed  pictures  of  such  transient 
holograms  will  be  attempted  in  the  near  future. 

4.  Concluding  Remarks 

The  sequence  of  events  that  leads  to  liquid 
j fuel  ignition  during  high  flux  irradiation  is 
I  Increasingly  clear.  Supersaturation  and  sub-aurface 
bubble  nucleation  add  semi-periodic  disruptions 
^  to  what  would  otherwise  be  a  laminar  vaporization 
process  such  as  that  seen  in  solids.  Even  the 
laminar  case  is  quite  complex,  especially  because 
radiation  absorption  by  the  fuel  vapors  adds  further 
coupling  between  condensed  phase  and  gas  phase 
behavior.  In  general,  the  irregular  liquid  and  gas 
-phase  mixing  motions  that  result  from  growth  and 
bursting  of  bubbles  make  the  ignition  process 
stochastic  in  nature.  Since  ignition  in  the  gas 
require*  just  th*  right  combination  of  fuel,  oxygen 
and  temperature  and  this  is  achieved  in  a  field 
dominated  by  large-scale  turbulence,  ignition  delay 
cannot  be  precisely  repeatable.  There  are,  however, 
clear  trends  of  behavior  with  increasing  flux  or 
fuel  absorptivity  (increases  in  either  accelerate 
the  whole  sequence  of  events,  lead  to  a  dominance 
|  of  bubbling  phenomena  and  decrease  the  Ignition 
| delay)  and  we  hav*  rationalized  them  qualitatively. 

|  There  is  a  need  now  to  quantify  the  fuel  vaporlsa- 
1  tion  rate  and  the  precise  conditions  in  th*  gaa  that 
1  lead  to  ignition.  There  will  then  be  e  firm  basis 
'for  constructing  and  testing  at  least  limiting 
|  behavior  models  of  the  Ignition  process. 
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1.  Schematic  illustration  of  experimental  { 

apparatus. 
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Top  view  direct  picture  and  side  view  schliercn  hole  due' to  first  bubble  in  top  view; 

picture;  left  columns,  top  view;  right  columns,  B:  corresponding  sudden  release  of  liquid 

side  view.  Decane,  laser  flux  of  740  W/cm2,  vapor.  Ti~e  gap:  about  30  r.sec. 

incident  laser  angle  of  30°.  A:  appearance  of 


la,  Top  view  picture,  dccauc,  laser  flux  of 
410  V/cm*  and  incident  laser  anp.lc  of  30®. 
B:  appearance  of  hole  due  to  first  bubble 
Time  gap:  about  350  msec 


3b.  Side  view  schlicren  picture,  same  test  as 
Fig.  3a. 

A:  appearance  of  laminar  vapor  plume. 

B:  sudden  release  of  liquid  vapor  by  bubbl 
burst 


Side  view  closeup  direct  picture  near  the 
decane  surface,  laser  flu:c  of  about  2500  1 
with  incident  laser  angle  of  30°  rroa  rig’ 
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7.  Idealized  sequence  of  bubble  development;  the 
sequence  repeats  but  the  starting  condition  i 
no  longer  as  simple  as  that  in  the  first  sket 
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8,  Schematic  illustration  of  holographic 
interferometry  set  up. 


Preliminary  result;  from  set-up  in  Pig.  8. 
Decanc  with  laser  flux  of  435  W/cm^  and  incid 
loser  angle  of  90*.  Phase  contours  correspon 
to  density  contours. 


TABLE  I  VARIOUS  TIMES  OF  EVENTS  AFTER  LASER  IRRADIATION 


